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A qualitati%e investigation of performance of heat pipes using -
different working fluids is first made; significance of liquid property
variations on the performance of cryogenic heat pipe is observed., A
theory for the cryogenic heat pipe, which takes into account the liquid
property variations, is then developed. Predictions by the present
theory compare favorably with Haskin'’s experiments,

A computer program in Fortran IV language is written for the
theory. Physical properties of cryogenic fluids, which are required as
program input data are collected, For convenience of the user of the
theory, a complete listing of the program with user®’s instructions and
collected propelrties of cryogens are appended to the report,

A performance chart is developed for presentation of complets per-
formance of cryogenic heat pipes. A procedure for computer aided design
of cryogenic heat pipe is also described. The procedure consists of the
following step@; (1) choice of fluid and wick structure, (ii) determination
of wick dimensions, aﬁd (111) generation of performance chart for the

designed heat pipe.
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Nomenclature
permeability factor for capillary structure
liquid specific heat at constant pressure
heat of vaporization
thermal conductivity
mass transfer rate

liquid transport factor defined as ?} }yf hfg(ﬂif

Vapor pressure

maximum capillary pressure defined as 2 Xf/rc
liquid pressure drop

vapor pressure drop

heat transfer rate

inner radius of container wall

outer radius of container wall

radius of vapor flow passage

effective radius for capillary pressure
effective capillary radius for liquid flow
gas constant

Thermal conductance

wick thickness

temperature

distance measured frém ri toward axis of heat pipe
axial length

surface tension _

porosity of capillary structure

dynamic viscosgity

density
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Subscripts:

8 adiabatic section

be bulk average_valge of quuid'éﬁ evaporétor section
be bulk average value of liquid at condenser section
c condenser section

e evaporator section

£ liquid phase

i - inner wall of container

m liquid saturated wick

max maximum

o outer wall of container

rad radiation

?ef refrigeration

s saturation state

v vapor phase

W material of qontaiher wall

wk material of capillary wick



1. INTRODUCTION
There have been a considerable number of investigationl“lz of
high and normal ambient temperature heat pipes in the last few years, both
theoretical and experimental; accordingly, the design technigue and
operating characteristics of these heat pipes are now reasonably well
understood. By comparison, the cryogenic heat pipe has not yei besn
extensively studied, Alﬁhough feasibility of the cryogenic heat pipe
has been demonstrated by the Haskin's experiments and much information
is to be found in his paperl’, analytical design and performance predic-
tion procedures for the cryogenic heat pipe are not available in the
open literature, The present report describes a theoretical study of
the cryogenic heat pipe.

The cryogenic heat pipe has been lagging in development chiefly
because of its rather limited application potential. The integrated
Cryogenic Cooling Engine (ICICLE) System, under development at NASA,
Coddard Space Flight Center, uses a central cryogenic refrigerator for
cooling to cryogenic temperatures and thereby increasing the sensitivit&
and performance of multiple spacecraft experiments, sensors, components,
etc, Cryogenic heat pipes are needed to provide effective thermal links
between the central refrigerator and one or more remoitely located cooling
platforms.

The intention of this research was to develop a theoretical procedure
for design and performance prediction of cxvogenic heat pipes; this

development %ill be described below in three sections. First, a preliminary
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investigation of the operating characteristics of the heat pipe will be
made and the effect of the temperature-dependenti-property variations of
the cryogen on the heat pipe performance will be discussed. Then, a
mathematical model, which takes the variable properties of the cryogen
into account, will be developed, Finally, illustiative performance
charts derived from the present theory will be présented, and a procedure
for design calculations will be described. As far as possible, the
present theory will also be compared with the Haskin'’s experiments
at the crucial points of the argument.

Sections 2 and 3 below are mainly devoted to a development of
the argument leading to the present theory, they may be omitted by
‘readers concerned solely with the use of the theory. Such readers
should turn to Section 4, which contains a summary of the computer
aided design and performance prediction procedures which are recommended
for use, A complete listing of computer rrogram for design and performance

calculations and a collection of properties of cryogens are given in Appendices,
2, PRELIMINARY INVESTIGATION

A heat pipe is a device whose principle of operation consists of
the evaporation of a liquid, the transport of the vapor through a duct,
the condensation of the vapor and the subsequent return of the condesate
through a wick of capillary structure for re-evaporation. These
processes are illustrated in Figure 1. An analytical model for the
pexrformance of the heat pipe was first formulated by Cotterzg his results
are the most widely used,

¥ith some aimplificationsg the equation for the maximum heat transfer

rate derived by Cotter may be expressed as
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The liquid transport factor, Ny, is a function of the working fluid while
all other terms on the right hand side of the above equation depend on the
heat pipe design., Figure 2 shows the values of the liguid tramsport
facfor, Neo for several working fluids suitable for heat pipes.

The temperature gradient of a heat pipe is determined mainly by
the heat flux density and the radial thermal conductance of the wick
material saturated with the working fluid in the liguid State8*9’13a
Qualitatively, the conductance of the liquid saturated wick may be assumed
" to be proportional to the thermal conductivity of the liquid divided by

the wick thicknessa’lj’lu

i.e.,

ULK/t, or TeQt/K, (2)

Now, for a heat pipe of fixed physical dimensions and wick thickness,
its approximate 6perat1ng characteristics with different working fluids
may be derived from Equations 1 and 2. These are: (i) the maximum
heat transfer capability of the heat pipe is directly proportiocnal to
the value of liquid transport factor of the working fluid, and (ii) the
temperature drop at equal heat transfer rate is inversely proportional to
the liquid thermal conductivity of the working fluid. Figure 3
shows the values of the liquid thermal conductivity for several fluids,

Similarly, the approximate operating characteristics of heat

pipes of equal maximum heat transfer capability may alsoc be derived from

* Equation 1 is valid for a heat pipe of Figure 1 operating under zero-
gravity condition and with vapor flow passage being much larger than

wick thickness.
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Bquations 1 and 2. These are: (1) the wick thickness required is inversely
proportional to the value of the liquid transport factor of the working
fluid, and (1i) the temperature drop at equal heat transfer rate is
inversely proportional to the product of the liquid thermal conductivity
and the liquid transport factor. For the convenience of future reference,
this product is named as the liguid thermal conductance factor; Its

values for several fluids are plotted in Figure 4,

We have derivgd above the approximate relative operating characteristics
of heat pipes in terms of the liquid transport factor, liquid thermal
conductivity and liquid thermal conductance factor., The low values
for the cryogenic fluids, as can be seen in Figurzs 2 through 4, indicate
small heat transfer capability and large temperature drop for the cryogenic
heat pipe. For example, the temperature drop for the Haskin’s liqﬁid
nitrogen heat pipel- is about 20%K at 20 watts. Under this condition,
the cryogenic heat pipe may not be considered as an isothermal device,

In addition, the operational temperature range of the heat-pipe
working fluid is between.the triple point and the critical temperature of
the fluld. This temperature range is always small for the cryogenic
fluids e.g., 63°% for liquid nitrogen. As the properties of the fluid
within this range changes from one extreme (solid) to the other (gas), the
effect of variable properties of the liquid on the pexformance of the
cryogenic heat pipe is expected to be large. The values of Jy and K
for liquid nitrogen, for example, change from 10.53 to 8.27 dynes/cm
and l,52x104 to 1.,36){104 ergs/(cm-9K-sec) respectively when the temperature
changes from 70°%K to 80°K,

The above consideration shows that the effect of liquid property



variations on the performance of the cryogenic heat pipe is significant.
On the other hand, it will be shown below that the effect of vépor
property variations on the performence of the cryogenic heat pipe is
insignificant.

The vapor pressure drop of a heat pipe is always smaller than the
capillary pumping pressure., For simplicity, however, let us assume that the
vapor pressure drop is equal to the capillary pumping pressure. Then, the
vapor pressure drop may be expressed as

av, =2 §p/rge (3)

The corresponding vapor temperature drop can be obtained by substituting
AP, from Equation 3 into the well-known Clausius-Clapeyron eguation. The

result is

2
RTy 2);
AT, = - ,

p,h

L
e = (&)

The magnitude of AT, for the cryogen is usually amall because -of the
small values of T, and a}f and large values of p, and hfg. For example,
for saturated nitrogen at atmospheric pressure with r, being 50 microns,
the evaluated AT _ is only 0.03%, which is insignificant in most

applications.,

3. MATHEMATICAL MODEL FOR A CRYOGENIC HEAT PIFE

Having observed the importance of the liquid préperty variations and
the insigni;ficance of the vapor property variations on the performance
of the cryogenic heat pipe, a theory for cryogenic heat pipe performance,
which takes account of the liquid property variations is now presented.

The analyses which follow use the heat pipe of Figure 1 with
constant vapor-flow-passage and container diameters. In order to account

for the liquid~property variation, the liquid temperature distribution
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will first be derived. Following this, the operating temperature and

heat transfer capability of the heat pipe will be considered.

3,1 Liguid Temperature Distribution

Because of the small thermal conductivity of the cryogen, it is desir-
able that the wick thickness of the cryogenic heat pipe be made as small
as possible for the required heat transfer rate. In the calculiticon, it
will be assumed that the wick thickness is much smaller than the radius of
the vapor-flow passage., The mass flux in the capillary wick is approximated
by a uniform distribution. Also, the usual channel flow assumptions for
heat transfer calculations15 will be made; these are, the axial conduction
is small in comparison‘with convection, and the property values are evaluated
at the liguid bulk average temperature. The derivation for the temperature
in the evaporator section is given below in detail. Similar analysis
has been used for the condenser section, but for brevity results for
the condenser section are stated without details of derivation.

A stationary liguid and wick control volume of thickness dy and
boundaries of the evaporator are represented in Figure 5 with terms which
appear in the energy conservation equations and the boundary conditions.

The principle of conservation of energy requires that

2
aT _ MeCrr peY . aT : (s)
dyz 2ﬂrizeth,be dy

and the boundary conditions are

- aT o at y =0
ZVZrizeKmee E_ Qe y $
-2 rieeky ve %; = Mghpg, at y = ¥

T =Tg at y =t, (6)
The solution for the system of Equations 5 and 6 may be obtained by

straightforward integration. The results are:
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T=T ¢+ ejEXP( 2 P, be y2)dy, (7)
Zﬁrizexm gb y y LPﬁriZe'me sbe

for the liquid temperature distribution;

t
Q MeC b 2
T -T_ = eXP(EEE—Dﬁg%*~§“y )dy (8)
e,1 s z’[I'i""ekm,beJO 1%e%m,be g

for the radial temperature drop across the wick at the evaporatox;

and
0 t st
MeCpf be 2
PSR S ] 2 y)ay)ay, (9)
Tve 8 Mri%e“tm,be 0 jy HryZe Wy e ’

for the bulk average temperature of the liquid at the evaporator. 1In

these Equations 7 through 9, mg is required to satisfy the equation

m,c t
e pf,he ), (10)

4nrizeKm,be

mh
% L8e5- exp(

By a similar procedure, we have obtained the following temperature

distribution equations for the condenser:

Q rt “ MeCohf ., be
S — gexp( 5 P ¥2)dy (11)
anichm’bc y ﬂrizcthgbc
for the liquid temperature distributiong
t
Q “MeCpf,b
: pi,be 2
T T = g exp( y<)ay. (12)
5 C,i anichm’ch; ““rizcth,bc 5

for the radial temperature drop across the wick at the consdenser; and

Q tt “BeCof b 2
T -, - W&(g exp (et yP)ay)ay(13)
arizcthsbc oMt ﬁrizcthgbc

for the bulk average temperature of the liquid at the condemser., The
value of m, in Equations 11 through 13 is required to satisfy the con-

dition,



h -0 C t
f§_£§if, = exp(_nf_ffigf, ). {(14),
Q l&ﬂrizcl(m gbc

In the above Equations 5 through 14, the values of the thermal

conductivity for the liquid saturated wick, K_, are dependent upon the

m
wick structure as well as thermal conductivities of the liquid and

the wick material at the temperature under consideration. Equations
developed by Gorring and Churchill16 are recommended to be used, For
example, for the fibrous or mesh-screen wick the equation recommended is
Kf+Kwk-(1 - & ) (Kp=Kyg)

1
f° KetK (1 +ﬁ)(Kf—Kwk) (15)

K, =K

m

The equations governing the liquid bulk average temperature and the
radial temperature drop at the evaporator as well as at the condenser
have been obtained. The property values in these eqhations are evaluated
at the respective bulk average temperatures for the evaporator and
condenser, However, the bulk average temperatures are not known at the
beginning of the calculation, Iteration processes have to be used to

solve these equations,

3.2 Total Temperature Drop

For heat pipe performance, the temperature difference between the
evaporator outer wall and the condenser outer wall and the absolute
temperature at the evaporator outer wall (or the condenser outer wall)
are important parameters for the designers and the users of the heat pipe.
The temperature drops across the evaporator wick and the condenser wick
have been discussed above in detail; i.e., they may be calculated by

Equations 8 and 12, respectively.
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The radial temperature drops across the container walls may be

calculated by equatiohsl5,

Q
T -T , = =~ 1n(r./T.), (16)
. e,i o/ *3
€0 ? ZYLsze
? 1n(zr /ry) (17)
and Tc,i “Tc,o = MI,/Ty/s

ZTLszc
for the evaporator and condenser walls, respectively,
Hence, the condenser wall temperature and the total temperature

drop for the heat pipe may be calculated by the equations,

TG o = Ts - (Ts’Tc,i) - (Tc,i' Tc,o)’ (18)

o

and T =(T

€,0 Teai) + -‘(Tevi‘Ts) + (TS” TEQi) + (TcsiéTcﬂd)e

(19)
In these equations, values of (Tg ~Tg 3)» (T 3=T.)s (T-T, ;)

e,0

and (Tc,i‘Tc,o) are calculated by Equations 16, 8, 12 and 17, respectively,
Since a number of simplifying assumptions have been used in the
above dgrivation of the temperature distribution equations,; a comparison
between theory and available experimental data is made, Figure 6 shows
the experimental data for a liquid nitrogen heat pipe from Table 1 of
Reference 13, and the present predictions under the same conditions,

The agreement between theory and experiments is satisfactory.

3.3 Maximum Heat Transfer Capability

Designers and users of the heat pipe are also interested in the
maximum heat transfer capability besides the operating temperatures discussed
above, Because of the low surface tension and high pressure of the cryogen
the heat transfer capability for the cryogenic heat pipe is expected to

12
be wick limited , That is, it may be assumed that Qmax under zero-
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gravity conditions can be obtained by equating the maximum capillary pressure
with the sum of the liquid pressure drop and the vapor pressure di‘opg
\ - + R 20
AP, = APp + AP, (20)
For the isothermal case, the equations for APos AP and Ap,

have been derived by Cotterza They are respectively as follows,

2/p

AP, = —— (21)

To

bChnax Vs
.Apf = — v VAN f’ (Ze+22a+2;c)9 (22)
27 (I‘i "I‘V)rf fhfg

Mpax Ay
and Apv m ,
nry ilhi‘ g

where Equation 22 corresponds to Cotter®s equation for small maximum

(zgt22,%2,) . (23)

heat transfer capability, which may be assumed ito be true for the cryogenic
heat pipe because of the low values of the liguid transport factor for
cryogens (see Section 2),
For cryogenic heat pipes, we are required to intreduce appropriate
property values into Equations 21 through 23. In view of the success
in using the bulk average itemperature method for the temperature-
drop calculations (see Figure 6), the values of ,d'ff and ff are evaluated
at the bulk average temperatures for the eva,paraa;*i;o:c9 adiabatic, and
condenser section, respectively. Since evaporation (or cendensation)
and the capillary pumping are phenomena at the vapor-liquid interface,
fo and hfg are evaluated at the saturation vapor temperature, which may
be assumed uniform (ATVMO) for a heat pipe opsrating under given conditions,
Introducing the appropriate fluid properties discussed above into
Equationg2l through 23 and then substituting them into Equation 20, we

obtain the following governing equation for the maximum heat transfer
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capability of the cryogenic heat pilpe,

Zékgs max ( o MEbe + 2fT95” +/MfgbcZ )
= RN %e %a c
T hrg o 27E(r{ -ry)Ts feme  Tr,s  Feive
v
+F~Ef AA1L (ze +Zza +Zc))a (24)
My fvg,.sz

3.4 Computer Program and Fluid Properties

A program for the above itheorv has beén written in Feortraa IV
language. This program and instructions for its use are given in
Appendix A,

Besides the heat-pipe dimensions and wick structures, nine
physical properties of heat-pipe working fluids are relevant to
pexrformance of the heat pipe. These nine properiies are the saturation
vapor pressure, saturation vapor density, saturation vapor viscosity,
heat of vaporization, saturation liquid surface tension, saturation
liquid density, saturation liquid viscosity, saturation liquid specific
heat, and saturation liquid thermal conductivity at various temperatures,
They have been collected from several References ? 23 for nine fluids,
namely: helium, hydrogen, neon, flourine, nitrogen, argon, oxygen, mesthane

and Freon-14, These collected data are presented in Appendix B,

4, PERFORMANCE CHART AND DESIGN PROCEDURE

4.1 Performance Chart

A mathematical model for analyses of the cryogenic heat pipe
has been formulated., Unlike the liquid metal heat pipe, which may often
be considered as an iscthermal devicezg the performance characterization

of the cryogenic heat pipe must include not only the maximum heat trensfer

capability but also the condenser and evaporator wall temperatures., The
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evaporator and condenser wall temperatures are determined from Equations 18
and 19 as a function of the heat transfer rate while the maximum heat
transfer capability is found from Equation 24,

For complete presentation of performance of a heat pipe in a single
chart, constant heat-transfer-rate, Q, curves may be mapped on the co-
ordinates (Tg -Tg,,) versus Tg ,. In addition, the maximum heat
transfer capability of the heat pipe may also be traced on the same co-
ordinates. Figure 7 shows an example of such performance charts.
for a stainless steel 304 heat pipe with rg, Tis Tys Zgs g and
zc equal to 0.5, 0,48, 0,42, 6, 48, and 6, ¢m respectively. Wrapped
stainless steel, 304 mesh screen is used for the wick with £=0,5, b=12,
r,=0,0lem and rwa,Olcms Liquid nitrogen is chosen as the working

fluido .

4,2 Design Procedure

In many cases, the problem of designing a heat pipe is specified
as follows:

For a given application of the heat pipe, the range of operating
temperature, the required heat transfer rate, the structure of wick meaterial,
the physical dimension of the container and the lengths of the evaporator,
adjabatic and condenser sections are specified. It is required to find
the desired working fluid, the dimensions of capillary wick, and the
performance of the designed heat pipe.

The procedure of solving this problem by the present theory is
as follows:

1. To design for minimum temperature drop, it is required to

choose a working fluid with maximum value of liquid thermal
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conductance factor; so the cholce of working .fluid for the
specified range of operation may be made by referenée to
Figure 4,

With the structure of wick material specified; the required
wick thicknéés for the specified heatl transfer rate can be
calculated by the use of the computer program listed in
Appendix A,

Following the determination of the wick dimensions and %he
working fluids as described above, a performance chart for the

heat pipe may be generated, again with the aid of the computer

program listed in Appendix A.

5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In conclusion the results of this program can be summarized us

follows:

1,

The significance of the liquid property variations on the
performance of oryogenic heat pipe was discovered. A theory
taking account of liguid property variations has accordingly

been developed for the crvogenic heat pipes. A computer program
writtén in Fortran IV language has been developed for the
theory te¢ facilitate design and performance calculations.
Property values of cryogens relevant teo heat pipe performance
have been collected and appended to this report (see Appendix

B).
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The use of charts is suggested to facilitate complete
characterization of heat pipe performance. For an
example .of such charts, see Figure 7.

A procedure for the computer aided design of cryogenic
heat pipes is developed and described in Sections 4.2,
Comparison of the theory with the existing experimenial
data for a cryogenic heat pipeld has been made (see Figure 6),
The agreement between them is satisfactory. However, it
should be mentioned here that this comparison is only a
partial confirmation of the theoxry. For example, no data
are avallable at the present to check predictions for the

maximum heat transfer capability.

502 Recommendations

It is recommended that the present theory should be extended and

developed in the following ways:

1,

There is a need for experimental work of greater range and
higher accuracy, so that the theory can be further refined.

In particular, endeavour should be made in experiments to
obtain the complete performance chart of the heat pipe under
test (see Figure 7). Following this, thorough examination

of the theoretical implication would be able to be made.

It is generally believed that boiling limitation on the
operation of cryogenic heat pipe is important. However, at
the present time no such data are availlable. Both theoretical
and exﬁerimental studies of boniling limitation on cryogenic

heat pipes should be made,
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&s for the thermal conductivity of cryogen saturated wick,
Gorring and Churchill®s correlation appears appropriate;

when the liquid is the major phase and the wick material is

the minor phase, However, because of the low thermal
conductivity of cryogens, there is an advantage in using wick
material which has metal as a major phase, such as sintéred
metal. Thermal conductivity of sintered metal saturaied with
cryogens should measured and the dgta be correlated.

An eitension of the present theory should be made to include

its applicability to the heat pipes of composite wick siructures

and to the ambient and high temperaturs heat pipes,
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APPENDIX A

A COMPUTER FROGRAM FOR HEAT PIPE DESIGN AND PERFORMANCE CALCULATIONS

A complete listing of the computer program in Fortran IV language

is given below. In addition, Figure 1 shows the flow diagram of the program;

and Table Al shows an input data sheeif, All the integers are 5-digit
figures (I5); and all constants are 15-digit figuvres (E15.6). The
Fortran Symbols are defined as followus:

IDOP specified 1 for design calculations and specified 2 of performance
calculations

Q9 the initial heat transfer rate in ergs/sec for performance calculation:
arbitrary constant may be assigned for design calculations.

DG stepwise increase in heat transfer rate for performance calculations;
arbitrary constant may be assigned for design calculations

KKI number of different heat pipe dimensions under study

KWK specified 1 for simple heat pipe of uniform wick structure; specified
2 for channel or artery heat pipe.

NDR number of increments of vapor flow passage

DR stepwise change of radius of vapor flow passage in cm
NITV  number of increments of DQ

RO container outer radius in cm

RI container inner radius in c¢m

RV1 initial radius of vapor flow passage in cm

REF effective hydraulic radius Tor liquid flow in cm.
ZE length of evaporator section in cm

ZA length of adiabatic section in ¢m

ZG lengtih of condenser section in om

vER specified zero for gravity free condition

B rermeability factor for capillary structure

LP3 porosity of capillary structure

RC eftfective radius for capillary pressure cm



OTA

BEC

RIEC

RVEC

RFEC

EPSEC

BA

RIA

RVA

RFA

EP3A

NO
TSAT
PSAT
CFF
DENF
VSF
CDF
SFT
HFG

DENG

~26

wottling angle for capillary action

permeability factor for the for the evaporator and condenser, only
required to be specified for artery or channel heat pipe

outer radius in cm for liquid flow for the evaporator and condenser,
only required for artery or channel heat pipe

inner radius in cm for liquid flow for the evaporator and condenser,
only required for artery or channel heat pipe

hydraulic radius in cm for liquid flow in evaporator and condenser,
only required for artery or channel heat pipe

porosity for evaporator and condenser, only required for artery oxr
channel heat pipe ’

rermeability factor for adiabatic section, only required for
artery or channel heat pipe

cguter radius in cm for liguid flow for the adiabatic section,
only required for artery or channel heat pipe

inmer radius in em for liquid flow for the adiabatic section,
only required for artery or channel heat pipe

hydraulic radius in cm for liquid flow in the adiabatic section,
only required for artery or channel heat pipe

porosity for the adiabatic section, only required for artery
or channel heat pipe

number of vapor conditions under study
saturation vapor temperature in oK
saturation vapor pressure in dynes per cn?
liquid specific heat at saturation temperature in ergs/gm/°K
saturation liguid density in gm/cm3

saturation liquid viscosity in poises

saturation liguid thermal conductivity in ergs/cm-sec-%K
surface tension in dynes/cm

heat of vaporization in ergs/em

saturation vapor density in gm/cm3

saturation vapor viscoesity in poises

gas constant ergs/gm/°K
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CDW thermal conductivity of container wall in ergs/cm-sec-K
CDOWK  thermal condutivity of wick material in erg./cm-sec~%K

AF change in liquid thermal conductivity per unit change in temperature
in erg/cm-sec-K /9K

AW change in container wall thermal conductivity per
unit change in temperature in erg/cm-sec-9K/9K

AWK change in wick thermal conductivity per unit change in temperature
in erg/cm-sec-°k/°K

ADENF change in liquid density per unit change in temperature in gm/cm3/°K

ACPF change in liquid specific heat per unit change in temperature
in erg/em-°K/%K

AVSF  change in liquid viscosity per unit change in temperature in
poises/°K
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Listing of computer program

13=JUNe70 9i54 PAGE 3

¢ MEAT PIPE 2 SIMPLIFIED THEQRY |
COMMON TSAT,PSAT,CPF,DENF, VSF,CDF,SFT,HFG,0ENG,

{VSG R, COW, COWRAF AW, AWK, ADENF , ACPF ,AVSF,
20sRI RV, ZE,2C,EPS,

C3TVE,TIE,TVC, TIC, TAVE, TAVC,VSAVE ,VSAVE, DSAVE , DSAVC

READI(Z,11) 1DpP
READ (2:2) Q0,00
READ (2,11) KKI
NO 402 KYeq,KKt
READ(2,11) KUK
READ{2,11) NDR
READ (2.1) DR

CREAD (2,11) NjTV

READ (2,4) RO,RI4RV1,RF
READ (2,4) ZE,ZA,#C,FEE
READ (2:4) BsEPS,RC,CTA
READ(2,3) BEC,RIEC,RVEC

CREAD(2,2) RFEC,EPSEC

READ(2,3) BAsR1A,RVA
READ(2,2) RFA,EPSA

READ (2,11) No

DO 162 131,NO

WRITE ¢3,60) |

READ (2,3) TSAT,PSAT,CPF
READ (2,4) DENFVSF,COF,SFT
READ (2,3) HF G, DENG, VSG
READ (2,3) RyCOWsCOKK

READ (2:3) AF AW AWK

READ (2,3) ADENF,ACPF,AVSF
RVERV14DR

DO 3Y# ]DR={sNDR

RVERY »0R

FORMAT (15)

FORMAT (E15,6)

FORMAT (2E15,6)

FORMAT (3E15,6)

FORMAT (4E15,6)

FORMAT (///7H CYCLE=,15)

FORMAT (23H TSAT PSAT)
FORMAT (534 RO R1
FORMAT (38M 2E 2A

CPORMAT (7H QMAX® ,F15,8)

ARES = 6,28318«RQ#z2E

ARCS =2 6,28318sR0#2C

2Ve D,58(ZE+2C)*#A

ZFagy

ZT=3V

A=2 ,#SFTaCOS{CTAI/RC
BB2B,aVSGRZV/(3,141598NENGaRVendaUFG)
VSAVEaVSF '
DSAVE sDENF

VSAVCsVSP

NSAYCaNENF

RY
ZC)
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F4d vz2o 13=JUN=T77 9155 PAGE 2

IF(KWKm1) 610,614,610
611 BECsB
RIECE=R}
RVECSRY
RFECERF
e PPSECEEPS
BA=B
RlAsR]
RyAsRy
RFAsRF
EPSA®EPRS
T T TR CONTINUE
DO 128 ]TRN=1,4
CECEBEC/(3,141594EPSECo{RIECS#2aRVEC##2)aRFEC2428KHFG)
CECRCECH (@ ,5uz2 #VSAVE/NDSAVE+D ,B582CaVSAVE/DSAVE)
CAZBA/(3,141594EPSA#(RIARe2aRVAEn2)4RFARRZSHFG)
CABSCAaZABVYSF/DENF
e e RECRCA 5

OMAXEA/ (BB+C)

gEaMAX

CALL AVPPT

CONTINUE
129 CONTINUE
COUTF (1DOP=1) 111,410,111
11¢ Qs=g,0

DQsQMAX/NITY

GO TO 115

‘111 R=0Q
”}15 CONTINUE

COWRITE (3,81)
WRITE (3,2) TSAT,PSAT
WRITE (3,62)
WRITE (3,4) RO,R1,RV,4RC
WRITE (3,63)
WRITE (3,3) ZF;%A,7%C
TWRITE (3;65) OHAYX
WRITE (3,66)
7 FORMAT (7E18%,6)
66 FORMAT (99K 0 TE
i DTTE DTTC
DO 204 MeihNITV
TOERLDQ
DRCaA
DPVzBR=Q
NPFalal
fPGaD
DTVsR#TSATH®2 , ReDPV/(PSAT2HFG)
TESHQ
TCS=Q
TVEsTSAT
TIEaTSAT
TOEaTSAT
TVCeTSAT

oTT )

TC
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Fao vza 13=JUNa7Q@ 9155 PAGE 3

TICaTSAT
FTOC=TSAT
CALL AVPPT
CONTINUE
DO 5P Kil=1,4
COWERCNUW*AW# (G, 58 (TIESTOF Y% TSAT)
COWCECOUWHAWR(Q, D8 (TICHTOC)I=TSAT)Y
TWESSTES#A| OG(RO/R1)/(6,288318aCDWE#ZF)
TWCSETCS#A| OG(RO/RINA(4,23318aCOWCZC)
TOE=TIE«THES
TOCeT{CeTWLS
DTTERTOE=TSAT
DTTCETSAT=TQO
OTTesTOF=T0C
FFCO2QuBT/(DTT#3,14159aKk02%2)
50¢ CONTINUE
| WRITE (3,7) Q,TO0E,TOQC,EFCO,NTTE,DTTC,DTY
P T T T28d CONTINUE '
: 22 CONTINUE
408 CONTINUE
490 CONTINWE

CALL EXIT
END
ANTS
203622877174 1 202622077474
/o COMMy 280 PSAT /,COMM, /%1 CRF / COMM, /42
/L, COMM. /53 VSF /L COMM, /¢4 CoF /7, COMM /+5
7 COMM /46 HFG /o COMM, /7 NENG 7,C0MM /e
/L COMMy /411 R 4 COMM, /412 COu /L COMM, /+13
/o COMMy /e 4 AF /COMM, /215 AW /o COMM, /x16
A LLLEVAS YA ADENF 7/ ,COMM,/+20 ACPF /,COMM, 7421
/,COMM, 7522 i /,COMM, /+23 R1 /o CQMM /424
/o COMM, /428 ZE /,COMM, /%26 Zc /s COMM, /27
/,COMM, /930 TVE /o COMM, /431 TIE /COMM,/+32
/,COMMq /433 TIC 7,C0MM, /+34 TAV /,COMM,/+35
/COMM, /436 VSAVE /,COMM, /437 VSAVC  /,COMM,/+40
CF,COMM 7941 Dsaye /7 COMM, /7442
GRAMS .
JOBFF  INTO, INTT, FLLOUT, FLIRT, £0S AVPPT  FLOAY
| ALOG EXIT
S
1222 30 12¢3 7 1844
L) KY 12728 WK 1287

1210 DR 1213 1Ty 14172
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SUBROUTINE AVPPT
COMMON TSAT,PSAT,CPF,DENF, VSF,COF,SFT,HFG,DENG,

1VSG;RpCDwaCDWK;AFpAwQAWKiADENF:ACPFgAVSFg
20;RI1 RV, #E,2C,EPS,

BTVE,TIE,TVC,TICs TAVE, TAVC, VSAVE, VSAVC,DSAVE, OSAVC

SBAER3, 141564 (RI»RV)

SBACESBAE®ZC

SBAE=SRAE#ZE

SBTKER]I=RY

SBMaQ/HFG

SBKe(COF+CDWKw(l »EPS)#(CDFaCDUWK) )/

CLUCDPACNWKS (14 »EPS) & (CDF =COWK) )

211

SBKESBKBCOF
SBKE 3SRK
SBKEESEK
SBCEsCPF
SBCCSCPF

DO 212 1SRiz1,4
SBME=SRM

SBMC=SEM

Do 211 [5B2=1,4

FME =2EXP (2 ,5uSBME#SBLESSRTK/(SHBKE#SRAL))
OFME=HFG/QwSBCE*?ME*SBTK/(? #S?KE%SBAE)
FME=SBME#HFG/QuFME

SBME$SBME =FME /DF ME

FMCEEXP (=7 ,583BMC#SBCCaSRTK/ (SRKC#SBACY)
DFMOEHFG/Q+SBCCHFMC#SBTK/ (2 ,#SBKC2SBAC)
FMCESEMCHHFG/QuF MC

33“C‘SBMC~FMC/DFMC

“GONT I NUE
ALFE®D,55SBME#SBCE/ (SBTK#SBKESSBAE)

ALFGGQ.§&SBMC&sBGC/(sawxusexc»saAc>
DYsSBTK/4190,

Y2858TK

TVE=TSAT

YVCETSAT -

TIEsQ,

TiCs9,

TAVE=D,
TAVC®D,
TIEN’Z,

Do 22@ I$8351,1@E
TIESTIE+2,58TIEN
TIC#T{C*@,E«TICN

YeYaDY
TIENZOYSEXP(ALFE#YsY)
TICNFDYSEXP (a1 AL FCEYSY)
TIE=T{E+D,52TIEN
TiIC=TIC+D, %54 TICN
FAVESTAVE+TIE
TAVC=TAVC.TIC

222 CONTINUE



212

F48 va2a
NSTANTS
202622877174
MMON
AT 4 LCOMM,y /4D
NF /COMM /23
T /‘COMM./*6
G 7 COMM, /+11
WK 2, COMMg /%14
K / COMM, /417
SF 7, COMM, /22
‘ 7,COMM, /428
TS /‘CDMM)/‘\—SG
ol /,COMM, /433
Ve 7/ COMM, /%36
AVE /{GGMNé/‘41
FPROGRAMS
AUARS
pT

58
23"

13= JUN=7D

2855
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TAVESY,Pia(TAVE=D,58T1F)
TAVCEQ, 016 (TAYC=R,58T]C)
TIE=TSAT#QuTIE/(SBKEBSBAE)
TICRTSATwQ#TIC/ (SBKCRSRAD)
TAVESTSAT+QeTAVE/ (SBKE#SBAE)
TAVCETSAT=RuTAVC/ (SBKC2SBAC)
SKWKEsCDWK+ AWK {TAVE=TSAT)
SKWKC2COWKsAWK® (TAVCnTSAT)

SKFE=CDF+AF 8 (TAVE=TSAT)
SKFCeCDF+AF={TAVC=TSAT)

SBKES (SKFE+SKWKE= (1, oEPS) # (SKFEmSKWKE) )/

I (SKFE+SKWKE+ {4 ,=EPS) s (SKFE=SKWKE))

SBKERSKFE#SBKE
SBKCE (SKFC+SKWKC=(1 4 =EPS) # (SKFC=SKWKC) )/

L(SKFC+SKWKC# (1, ,»EPS) 8 (SKFCuSKWKC))

SBKC=SKFC#SBKC

SBCEFCPF*ACPF#(TAVE=TS

AT)

SBCCECPF+ACPFa(TAVC=TSAT)

CONTINUE

VSAVE=VSF+AVSF&#(TAVE=TSAT)
VSAYCaVSF+AVSFa(TAVC=TSAT)
NSAVE=DENF»ADENF&#(TAVE=TSAT)
NSAVCsDENF+ANENF&(TAVCTSAT)

RETURN
END

1

FSAT
VSF
HPG

AF
ADENF

ZE
TVE
TicC
VSAVE
DSAVC

SBAE
SBAC

287620000028

/,COMM, /+1

/COMM, /44

/L COMMg /7

/L COMM, /%12
/COMM, /415
/,COMM, /220
/COMM, /423
/,COMM, /426
/COMM, /434
/,C0MM, /434
/,COMM, /+37
/gCOVMQ/*42

521
5¢2

2

CPF
COF
DENG
ToW -
AW

ACPF

ZC .
T1E
TAVE
VSAVC

R
ZC

172507534121

7, COMM, /42

/o COMM, /45

/s COMM, /4108
/,COMM, /443
/s COMM /416
/s COMM /+21
/o COMM, /524
/o COMM, /%27
/o COMM, 7432
/s COMM, /+35
/,COMM, /%40

24
27
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Figure A1 Flow diagram of the computer program

A

[ |

of

| Set IDOP design or performance |

¥

{ Read dimensions

|

pommeegnd S@t number of fluid properties |

| Read proyperty values

| Calculate maximum heat-transfe
ra’-t‘e 2 Qma_y

<

Calculate temperature at Q.
and Qg ./safety factor

¥

_[Calculate temperature at

regrlar intervals of Q

i

¥

Subroutine for evaluating
properties at various
temperatures

5

Output temperature at various

Q

i

[Stop]




Table Al

Computer program input data

I1DoP

QQ bQ

KKI

KWK

NDR

DR

NITV

RO RI RY1 RF
ZE ZA ZC FEE
B EPS RC CTA
BEC RIEC RVEC

RFEC EPSEC

BA RIA RVA

RFA EPSA

NO

TSAT PSAT CFF

DENF VSK CDF SFT
HFG DENG VSG

R CDW CDUWK

AF AW AWK

ADENF ACFF AVSE



APPENDIX B

COLLECTED PHYSICAL PROPERTIES OF CRYOGENS

Nine physical properties of cryogens, saturation vapor pressure,
saturation vapor‘density, saturation vapor viscosity, heat of vaporization,
saturation liquid surface tension, saturation liquid density, saturation
liquid viscosity, saturation 1liquid speciflic heat, and saturation
l1iquid thermal cqnductivity have been collected and plotted versus
temperature for each of the nine cryogens, helium, hydrgen, neon,
flourine, nitrogen, argon, oxygen, methane'and Freon-l4, In addition,
triple point temperature and critical temperature for each of these

nine cryogens are presented in Table Bl,
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List of Figures for Properties of Cryogens

Figures Bl(a to i)* Properties of helium
Figures B2(a to i) Properties of hydrogen
Figures B3(a to i) Properties of neon
Figures B4(a to i) Properties of flourine
Figures B5(a to 1) Properties of nitrogen
Figures B6(a to 1) Properties of argon
Figures B7(a to i) Properties of oxygen
Figures B8(a to i) Properties of methane

Figures B9{a to i) Properties of Freon-1i4

(a)* Saturation vapor pressure

(b)* Saturation vapor density

(¢)* Saturation vapor viscosity

(d)* Heat of vaporization

(e)* Saturation liquid surface tension
(£)* Saturation liquid density

(g)* Saturation liquid viscosity

(h)* Saturation liquid specific heat

(1)* Saturation liguid thermal conductivity
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Table Bl Triple~point and Critical Temperatures

for Several Crvogens

Cryogens 'Triple—point Temnerature,°R Critical Temnerature,°K
Helium et 5.2
Hydrogen 13,9 33,2
‘Neon 19.0 44,4
Flourine 53,5 118,2
Nitrogen 63.2 126,2
Argon 83.8 150,7
Oxygen 54,4 154,6
Methane 88.7 190,7

Freon-14 89,5 228,0
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